Introduction
Two-dimensional location tracking of humans is useful for physical security applications. Previously, we reported on a two-element Doppler and Direction-of-Arrival (DDOA) radar for a bearing tracking of multiple humans [1, 2] . In this paper, we add the ranging capability to the radar to achieve two-dimensional location tracking. In contrast to conventional pulsed-based or frequency-modulated continuous wave (FMCW) radar, multiple frequency continuous wave (MFCW) radar is a simple and low-cost way to acquire range information [3, 4] . To keep the radar architecture as simple as possible, we use only two frequencies. However, a two-frequency system can only acquire the range for a single-target configuration. To overcome this limitation, we take advantage of the Doppler separation among the moving targets as a prefilter before measuring the phase difference to arrive at the range information of the moving targets. This two-tone approach in conjunction with the two-element DDOA radar can then provide the twodimensional locations of humans. Multiple human location tracking results are collected using our system. Two-Frequency DDOA Radar Figure 1 (a) illustrates the basic radar architecture. The system operates at two CW frequencies fc 1 (2.4 GHz) and fc 2 (10 MHz below fc 1 ). The frequency separation is selected to achieve a maximum unambiguous range of 15 m. The two CW frequencies are combined and transmitted simultaneously. The scattered wave off a target is received by two microstrip antennas spaced a half wavelength apart. Three low-cost, off-the-shelf integrated boards manufactured by Analog Devices (AD8347) are used as the quadrature receivers. Each receiver has a low-noise amplifier (LNA), I/Q mixers, gain control, and baseband amplifiers all integrated on one board. The actual radar hardware is shown in Fig. 1(b) . The local oscillator (LO) frequency of receivers Rx 1 and Rx 2 is set to fc 1 , and that of Rx 3 is set to fc 2 . The down-converted signals are digitized and the Doppler frequencies of the target are extracted after applying the sliding-window fast Fourier transform. The phase difference ∆Φ 21 at each Doppler bin from Rx 1 and Rx 2 is measured to obtain the bearing information θ using the following equation:
where d is the spacing between the receiving antennas and λc 1 is the wavelength of fc 1 . The received signal at Rx 2 is also routed into Rx 3 and the phase difference ∆Φ 32 at each Doppler bin from Rx 2 and Rx 3 is measured to calculate the target range R using the following equation: 
Measurement Results
We first use two loudspeakers as stable test targets. The vibrating membrane of each loudspeaker is covered by aluminum tape to enhance its return. Fig. 2(a) Preliminary human location tracking measurements are described next. Two human subjects walk in a straight path at approximately the same speed but in opposite directions ( Fig. 3(a) ). During the walk, the radar continuously measures and outputs the bearing and range information of the subjects (Fig. 3(b, c) ). During the first five seconds of the measurement, Fig. 3(b) shows two distinct bearing trajectories: the first one progressing from approximately -20° toward 0°, and the second one from 0° toward 20°. These measured bearing trajectories are expected since they are plotted based on the perspective of the radar. As the subject to the left walks in a straight path away from the radar, the measured bearing angle advances toward the radar boresight. The opposite happens for the subject on the right: the measured bearing angle advances away from the radar boresight as the subject walks closer to the radar. 3(b) and 3(c) as changes in the bearing and range tracks at t = 5 sec. The corresponding two-dimensional location map is constructed and shown in Fig. 3(d) .
Conclusion
Two-dimensional bearing and range tracking of multiple indoor movers using a twofrequency Doppler and DOA radar have been presented. Measurements were performed using a low-cost, two-element receiver array operating at two CW tones. The attractiveness of the system is that it has very low complexity. However, its performance is dependent on the Doppler separation between the targets. 
